Discrete pedestrian simulation models are viable alternatives to particle based approaches based 2 on a continuous spatial representation. The effects of discretisation, however, also imply some dif-3 ficulties in modelling certain phenomena that can be observed in reality. This paper focuses on the 4 possibility to manage heterogeneity in the walking speed of the simulated population of pedestri-5 ans by modifying an existing multi-agent model extending the floor field approach. Whereas some 6 discrete models allow pedestrians (or cars, when applied to traffic modelling) to move more than 7 a single cell per time step, the present work proposes a maximum speed of one cell per step, but 8 we model lower speeds by having pedestrians yielding their movement in some turns. Different 9 classes of pedestrians are associated to different desired walking speeds and we define a stochastic 10 mechanism ensuring that they maintain an average speed close to this threshold. In the paper we 11 formally describe the model and we show the results of its application in benchmark scenarios.
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INTRODUCTION

1
The modelling and simulation of pedestrians and crowds is a consolidated and successful appli-2 cation of research results in the more general area of computer simulation of complex systems. 3 It is an intrinsically interdisciplinary effort, with relevant contributions from disciplines ranging 4 from physics and applied mathematics to computer science, often influenced by (and sometimes 5 in collaboration with) anthropological, psychological, sociological studies and the humanities in 6 general. The level of maturity of these approaches was sufficient to lead to the design and devel-7 opment of commercial software packages, offering useful and advanced functionalities to the end 8 user (e.g. CAD integration, CAD-like functionalities, advanced visualisation and analysis tools) 9 in addition to a simulation engine (see http://www.evacmod.net/?q=node/5 for a large al- 10 though not necessarily complete list of pedestrian simulation models and tools). Nonetheless, as 11 testified by a recent survey of the field by (1) and by a report commissioned by the Cabinet Office 12 by (2), there is still much room for innovations in models improving their performances both in 13 terms of effectiveness in modelling pedestrians and crowd phenomena, in terms of expressiveness 14 of the models (i.e. simplifying the modelling activity or introducing the possibility of representing 15 phenomena that were still not considered by existing approaches), and in terms of efficiency of the 16 simulation tools. Research on models able to represent and manage phenomena still not considered 17 or properly managed is thus still lively and important. 18 Discrete pedestrian simulation models are viable alternatives to particle based models, 19 based on a continuous spatial representation (see, e.g., (1)) and they are able to reproduce real-20 istic pedestrian dynamics from the point of view of a number of observable properties. The effects 21 of discretisation, however, also imply some difficulties in modelling certain phenomena that can 22 be observed in reality. This paper focuses on the possibility of modelling heterogeneity in the 23 walking speed of the simulated population of pedestrians, a characteristic reported and analysed, 24 for instance, in (3) (as observed in common streets in York and Edimburgh) or (4) (as observed 25 in the Dresden Airport). In particular, this paper proposed a relevant modification of an exist-26 ing multi-agent model extending the floor field approach (5). Relevant previous works describe 27 discrete models allowing pedestrians to move more than a single cell per time step (6, 7, 8) , an 28 approach that however requires the introduction of specific rules to manage unavoidable additional 29 conflicts that arise from the potential crossings of pedestrians' paths. In the present work, instead, 30 we maintain a maximum speed of one cell per step for each pedestrian, but we model lower speeds 31 by having pedestrians yielding their movement in some turns (an approach that was adopted in (9) 32 for modelling elderly persons). Different classes of pedestrians are associated to different desired 33 walking speeds and we define a stochastic mechanism ensuring that they maintain an average 34 speed close to this threshold. In the paper we will formally describe the model and we will show 35 the results of its application in benchmark scenarios (single and counter flows in simple scenarios). 36 Finally, we will also show how this approach can also support the definition of slopes and stairs as 37 elements reducing the walking speed of pedestrians climbing them in a simulated scenario. This section provides a formal description and discussion of a discrete and agent-based compu-40 tational model for crowd simulation in normal conditions (evacuation scenarios are currently not 41 considered). The main innovative feature of the model is the fact that pedestrian groups are con-sidered as a significant element that can influence the dynamics of the overall system. The model 1 has been developed in the MakkSim platform (10), a pedestrian dynamics simulator built as a 2 plug-in for Blender software (http://www.blender.org), and it will be described through its 3 main elements. The last two elements of the definition point out if the cell is occupied by one or two pedestrians 10 respectively, with their own identifier: the second case is allowed only in a controlled way to 11 simulate overcrowded situations, in which the density is higher than 6.25 m 2 (i.e. the maximum 12 density reachable by our discretisation).
13
A simulation scenario includes both the structure of the environment and all the infor- the formal representation of a group is described by the following:
In particular, if the group is simple, it will have an empty set of subgroups, otherwise it will not 37 contain any direct references to pedestrians inside it, which will be stored in the respective leafs of 38 its tree structure. Differences on the modelled behavioural mechanism in simple/structured groups 39 will be analysed in the following section, with the description of the utility function.
Agent Behavior
1
In order to perform the agent behaviour, its life-cycle has been defined on four steps: perception, used to allow our model the possibility to treat high density situations, allowing two pedestrians 28 temporarily occupying the same cell at the same step.
29
The purpose of the function denominator d is to provide a penalisation to the diagonal 30 movements, since their selection is actually associated to a movement covering a higher distance 31 than the one associated to the other directions. As shown later, the method for heterogeneous speed 32 profiles described in this paper also considers this issue.
33
As we previously mentioned, the main difference between simple and structured groups 34 is associated to the cohesion intensity, that is much higher for simple groups. FIGURE 1 Graphical representation of a group composed of nine members and the area of the convex polygon that contains all the group members (a) and graph of Balance(k), for k = 1 and δ = 2.5 (b).
In order to face this issue, another function has been introduced in the model, with the aim 1 to balance the calibration weight of the three attractive behavioural elements, depending from the 2 fragmentation level of simple groups:
where k i , k g and k c are the weighted parameters of U(c), δ is the calibration parameter of this 6 mechanism and Area(Group) calculates the area of the convex hull defined using positions of 7 the group members. Fig. 1 exemplifies both the group dispersion computation and the effects 8 of the Balance function on parameters. A dynamic and adaptive behaviour of groups has been 9 obtained with this mechanism, which relaxes the cohesion if members are sufficiently compact 10 and intensifies it with the growing of dispersion.
11
After the utility evaluation for all the cells in the neighbourhood, the choice of action is 12 stochastic, with the probability to move in each cell c as (N is the normalisation factor): time step), according to their desired speed. In this way, given k the side of cells of the 7 discrete grid, its possible to obtain speed profiles equal to n · k m/step, with n ∈ N equal 8 to the maximum number of movements per step. parameter, achieving thus a potentially lower speed profile.
13
Naturally, both methods can be more effective with a finer grained discretisation, which 14 supports a more precise representation of the environment and the micro-interactions between 15 pedestrian (19) , but the simulation would be less efficient. Computational costs increase propor-16 tionally to the ratio S o /S n , with S o and S n respectively equal to the old and new size of cells (e.g.
17
if the size is halved, for performing the same space agents will need a number of update cycles at 18 least doubled). 19 The method supporting movements of more than a single cell can be effective, but it leads 20 to complications and increased computational costs for the managing of micro-interactions and By using this method, the speed profile of each pedestrian is modelled in a fully stochastic 33 way and, given a sufficiently high number of step, their effective speed will be equal to the wanted 34 one. But it must be noted that in a several cases the speed has to be rendered in a relatively small 35 time and space window (think about speed decreasing on a relatively short section of stairs).
36
In order to overcome this issue, we decided to consider ρ as an indicator to be used to decide 
• Let Frac(r) : R → N 2 be a function which returns the minimal pair (i, j) :
• Let Random be a pseudo-random number generator.
2
• Given ρ the probability to activate the life-cycle of an arbitrary agent, according to its 3 own desired speed and the maximum speed configured for the simulation scenario. Given 4 (α, β ) be the result of Frac(ρ), the update procedure for each agent is described by the This method is now consistent for reproducing different speeds for pedestrians in a discrete 24 environment also considering the Moore neighbourhood structure. It must be noted, however, 25 that if it is necessary to simulate very particular velocities (consider for instance a finer grained 26 instantiation of a population characterised by a normal distribution of speed profiles), Frac(ρ) is 27 such that a large number of turns is needed to empty the urn, that is, to complete the movements to 28 achieve an average speed equal to the desired one. This means that locally in time the actual speed
FIGURE 2 A schema depicting speed modification markers and their potential application to model a small staircase.
of a pedestrian could differ in a relatively significant way from this value. To avoid this effect, 1 during the life of each agent the fraction describing the probability is updated at each step and in 2 several cases it will reach unreduced forms, with GCD(α, β ) > 1. These situations can be exploited 3 by splitting the urn into simpler sub-urns according to the GCD value. For example, given a case 4 with Frac(ρ) = 5 11 , after one movement the urn will be associated to 4 10 ; since GCD(4, 10) = 2 the 5 urn can be split into 2 sub-urns containing 2 move and 3 do not move events that will be consumed 6 before restarting from the initial urn. The effect of this subdivision is to preserve a stochastic 7 decision on the actual movement of the pedestrian but to avoid local excessive diversions from the 8 desired speed. 
Modelling Stairs and Ramps
10
Thanks to the above introduced mechanism for granting agents the possibility to have a desired 11 speed in their state definition it is relatively simple to extend the model to be able to represent 12 stairs and ramps. 13 Basically, we can represent areas in which the velocity of pedestrians is altered due to 14 a slope by introducing an additional kind of marker that is perceived by agents passing in the 15 related cells and that causes a modification of the desired speed. For simplicity we will now 16 consider simple staircase and ramps characterised by a single bottom and top sections, that will 17 be associated to markers indicating to the agent the entrance or exit from a particular area. Each 18 marker A a , associated to an area A, is characterised by two constants, k a 1 , k a 2 ∈ R, respectively FIGURE 3 Screenshots related to the movement of a simple group including pedestrians with heterogeneous speeds (in particular, a slowly moving person) throughout a corridor: the group cohesion mechanism is effective even when members are characterised by heterogenous desired speeds. its state to remember that the area it is currently situated in is A and it will update its own speed 5 by multiplying the current value by the constant k a 1 (since it is entering the area). Then the agent 6 moves to the right until it crosses marker A b : the agent will now record that it is not situated in area 7 A anymore and it will update its desired speed by multiplying it by k b 2 . 8 For a properly designed staircase or ramp, associated to an area A and delimited by markers 9 A a and A b , we must enforce the constraints k a 2 = 1/k b 1 and k b 2 = 1/k a 1 in order to assure that each 10 agent that completes a trajectory completely crossing the area (passing therefore both markers) 11 returns to the initial desired speed. We also evaluated the capability of the model to actually allow pedestrians to move at the 18 actually desired speed and the conditions for this to happen: in Figure 5 , on the left, we compare the 19 average walking speed of pedestrians with different desired walking speeds in varying conditions. 20 In free flow situations, pedestrians are generally able to move at a speed that is very close to the 21 desired one. However, with the growth of the density, walking speeds decrease due to conflicts 22 and this phenomenon is more significant for pedestrians having a higher desired speed, to the 23 point that when reaching a certain density level they have essentially the same speed of pedestrians 24 characterised by a lower walking speed. Figure 5 , on the right, also shows the average speed in 25 a stair section modelled as discussed in Section 3.1 (pedestrians entering the stairs decrease their 26 desired velocity by a factor of 2.33): also in this case, the actual average speed is close to the levels 27 indicated by design manuals (24) and to available empirical data (25). We can conclude that the 28 introduced mechanism is effectively able to reproduce heterogeneous walking speeds. 29 The final scenario is instead aimed at understanding if the defined model is able to repro- the environment throughout the simulation. We adopted a metric called cumulative mean density 37 (CMD) (26), a measure associated to a given position of the environment indicating the average 38 density perceived by pedestrians that passed through that point. It is quite straightforward to com-39 pute this value in a discrete approach like the one described in this work. As suggested above, we 40 wanted to evaluate the capability of the model to reproduce patterns of spatial utilisation that are 41 in good agreement with those resulting from the actual observations available in the literature (27). 42 Results shown in Figure 6 , analysing situations of medium and high density, show qualitative phe- 
CONCLUSIONS
1
The paper has presented a technique for the introduction and management of heterogenous speeds 2 in discrete pedestrian simulation models: the adopted model and mechanism has been formally 3 described and results of its application to benchmark scenarios has been provided and discussed in press). 
